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We calculate the response functions of a freely falling Unruh detector in de Sitter
space coupled to scalar fields of different coupling to the curvature, including the
minimally coupled massless case. Although the responses differ strongly in the in-
frared as a consequence of the amplification of superhorizon modes, the energy levels
of the detector are thermally populated.
PACS numbers: 98.80.Cq, 04.62.+v, 98.80.-k
I. INTRODUCTION
It is expected that an observer, corresponding to an Unruh detector [1, 2] coupled to a scalar
field, when freely falling in de Sitter space, will perceive radiation with a thermal spectrum of
the de Sitter temperature TH = H/(2π) [2, 3], where H denotes the Hubble parameter. It is the
purpose of this article, to clarify in what sense this result is universal to scalar fields of different
couplings to the de Sitter background and how the detector apprehends the differences.
Let us therefore refine what is meant by the observation of thermal radiation: At first order in
perturbation theory, the detector response function is proportional to the Fourier transform of the
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2scalar propagator w.r.t. the proper time of the detector, and it describes how many particles are
absorbed and emitted per unit time. When being in equilibrium with the de Sitter background,
the energy levels of the detector are thermally populated according to the temperature TH .
The easiest way to derive this is to note that the propagator for nonminimally coupled scalars
has in the imaginary direction of its proper time t the periodicity t → t + 2πi/TH [3, 4, 5]. As
we will point out, this however does not completely characterize the response function of the
detector, which describes the number of particles detected per unit time. The rate turns out to
depend on the scalar mass and on its coupling to the curvature, as was first shown in Ref. [6],
circumventing the use of the scalar propagator.
The fact that in de Sitter space the invariance of the quantum vacuum becomes manifest when
the scalar propagator only depends on the proper time seperation along a geodesic has led to the
practice of defining the de Sitter vacua through this quantity [7, 8, 9, 10, 11]. However, in the
case of a massless scalar, which is minimally coupled to the curvature, this leads to a problem
since the propagator is infrared divergent [10]. We argue that, when regulated by a cutoff, this
divergence gives rise to a contribution which is irrelevant to the total detector response. In
addition, we compare with the response functions of a detector immersed in a thermal bath in
Minkowski space and discuss the situation in de Sitter space-times with dimension other than
four.
II. UNRUH’S DETECTOR
Unruh’s detector [1, 2, 4] corresponds to a heavy slowly moving particle along a trajectory
x = x(t), which interacts with a scalar bath of particles as
LUnruh = −hmˆ(t)Φ
(
x(t)
)
, (1)
where h is a coupling constant, t is the proper time and mˆ(t) represents the quantum operator
describing the monopole interaction of the detector with the scalar bath Φ = Φ(x). Since the
detector is assumed to be very heavy, it does not fluctuate in space, and hence the only time
dependence is in mˆ(t). The response of Unruh’s detector can be derived as follows. One assumes
that the state of the detector is specified by a set of energy eigenstates, {|E〉}, and that each
absorbtion of a scalar quantum elevates the energy of the detector by ∆E = E−E0; the converse
is true for each emission.
3Consider now at first order perturbation theory the transition amplitude M from a state
|E0〉 ⊗ |ϕ0〉 to a state 〈E| ⊗ 〈ϕ|
M(E0 → E; t0, tf ) = hmE0,E
∫ tf
t0
dt1 e
−i(E−E0)t1〈ϕ|Φ(x(t1))|ϕ0〉 , (2)
where mE0,E ≡ 〈E|mˆ(0)|E0〉 (mˆ(t1) = eiHˆt1mˆ(0)e−iHˆt1) is defined such that it does not include
stimulated emission. In order to take account of the influence of initial conditions, for simplicity
we assume that the interaction mˆ(t1) switches on at t1 = t0 as Θ(t1 − t0), where Θ(x) = 1 when
x > 0, and Θ(x) = 0 when x < 0. More generally, one would expect that the interaction switches
on adiabatically. Since we are not interested in studying in detail how the response function
depends on the initial conditions and on how the interaction turns on, this rough treatment
should suffice. Upon squaring M and making use of orthonormality and completeness of the
scalar eigenstates {|ϕ〉}, and taking t0 → −∞, we get for the transition probability per unit
proper time,
dP (E0 → E)
dt
= h2|mE0,E|2
dF(∆E)
dt
(∆E = E − E0) , (3)
where
dF(∆E)
dt
=
∫ ∞
−∞
d∆t e−i∆E∆tiG<
(
x(t +∆t/2); x(t−∆t/2)
)
(4)
is the response function per unit proper time. Here iG<(x1; x2) = 〈ϕ0|Φ(x2)Φ(x1)|ϕ0〉 is the
(positive frequency) coordinate space Wightman function, and we defined the time variables,
t ≡ (t1 + t2)/2 and ∆t ≡ t1 − t2. The expression (4) is real by construction, which can be
formally shown by taking the complex conjugate of the integrand in (4) and then making use of
the hermiticity property of the Wightman functions, [iG<,>(x1, x2)]
∗ = iG<,>(x2, x1). We shall
study the particle spectrum observed in an appropriate vacuum state |ϕ0〉 = |0〉, the precise
nature of which will be specified later. It is generally accepted that it is most natural to consider
(a freely-falling) Unruh detector moving on a geodesic, since in this case the detector does not
see additional particles due to the Unruh effect, which would be present only because of the
acceleration of the detector.
A nice property of Unruh’s detector is the separability of the transition probability (3) into a
product of the selectivity function, which depends on the inner structure of the detector, which is
completely specified by the operator mˆ(t) and the coupling h, and the response function, which
depends on the state of the scalar field only. It appears useful to rewrite Eq. (4) in terms of the
4Wigner function as
dF
dt
=
∫
d3k
(2π)3
iG<
(
k0 = ∆E,~k, x(t)
)
, (5)
where the Wigner function is defined as the Fourier transform w.r.t. the relative coordiante of
the Wightman function,
iG<(k, x) =
∫
d4reik·riG<(x+ r/2, x− r/2) , (6)
such that r0 = x01 − x02 are proper times. This means that the response function of Unruh’s
detector is completely insensitive to particle momenta (which is consistent with the assumption
that the detector must be very massive), and it measures (absorbs) scalar particles of all possible
momenta ~k; likewise, it isotropically emits particles of all momenta.
III. THERMAL RESPONSE
In order to get an insight in how a certain distribution function of a scalar field is perceived by
the detector, we consider the response function for the Bose-Einstein distribution. The Wightman
function for a thermally excited scalar field has the well known form [12]
iG<
th
(k) = 2πsign(k0)δ(k2 +m2φ)
1
eβk0 − 1 , (7)
where β = 1/T denotes the inverse temperature, and mφ the scalar mass. The response func-
tion (5) for d dimensions in flat space-time is easily calculated,
dFth,d(∆E)
dt
=
22−dπ
3−d
2
Γ(d−1
2
)
sign(∆E)Θ
(
(∆E)2 −m2φ
) (
(∆E)2 −m2φ
)d−3
2
1
eβ∆E − 1 , (8)
and explicitly, for d = 4, one finds
dFth,d=4(∆E)
dt
=
sign(∆E)Θ
(
(∆E)2 −m2φ
)√
(∆E)2 −m2φ
2π
1
eβ∆E − 1 . (9)
Hence, the response function of Unruh’s detector to a scalar thermal state contains, apart from
the Bose-Einstein distribution, an additional factor, which depends on the scalar particle mass
and reduces to ∆E/(2π) in the massless limit and d = 4. This is precisely the factor that arises
for the conformal scalar vacuum (19) in de Sitter space [2].
5IV. SCALAR FIELDS IN DE SITTER INFLATION
The Lagrangean for a massive real scalar field in a curved space-time background is given by
√−gLΦ = −1
2
√−ggµν(∂µΦ)(∂νΦ)− 1
2
√−g(m2φ + ξR)Φ2, (10)
where g = det[gµν ] denotes the determinant of the metric gµν , g
µν is the inverse of the metric,
mφ the scalar mass and R the curvature scalar. In conformal space-times, in which the metric
is of the form
gµν = a
2ηµν , (11)
where ηµν = diag(−1, 1, 1, 1) is the flat Minkowski metric and a = a(η) the scale factor, the
Lagrangean (10) reduces to
√−gLΦ = −1
2
a2ηµν(∂µΦ)(∂νΦ)− 1
2
a4(m2φ + ξR)Φ2 . (12)
For example, in (a locally) de Sitter inflation a = −1/(Hη) (η < 0), R = 12H2 (in D = 4
space-time dimensions), while in radiation-matter era, a = arη + amη
2, where H denotes the
Hubble parameter, η conformal time, ar and am are constants.
The special cases of interest are:
• conformally coupled massless scalar field (ξ = 1/6, mφ = 0), for which a conformally
rescaled scalar ϕ ≡ aΦ satisfies the simple differential equation (∇ denotes a spatial deriva-
tive)
(∂2η −∇2)ϕ(x) = 0 ; (13)
• and nearly minimally coupled light scalar (|ξ| ≪ 1, mφ ≪ H), which obeys(
∂2η −∇2 −
1
a
d2a
dη2
+ a2(m2φ + ξR)
)
ϕ(x) = 0 . (14)
(in de Sitter inflation, −a−1d2a/dη2 = −2/η2 = −2a2H2);
• and the minimally coupled massless scalar (ξ = 0, mφ = 0), which satisfies the following
differential equation, (
∂2η −∇2 −
1
a
d2a
dη2
)
ϕ(x) = 0 . (15)
6A. Conformal vacuum in de Sitter space
We now calculate the response function (4) for a conformally coupled massless scalar field (13)
(ξ = 1/6, mφ = 0), for which the de Sitter invariant Green function during inflation in D = 4
reads [2]
iGconf(y) =
H2
4π2
1
y
, (16)
where y denotes the de Sitter length function
y =
∆x2
η1η2
≡ 4 sin2
(1
2
Hℓ
)
, (17)
which is related to the geodesic distance ℓ as indicated, and ∆x2 = −(η1 − η2)2 + ‖~x1 − ~x2‖2.
For an observer moving along a geodesic, y = y
(
x(t+∆t/2); x(t−∆t/2)) = −4 sinh2 (H∆t/2).
The response function (4) for the conformal vacuum (16) can then be written as
dFconf(∆E)
dt
= − H
4π2
∫ ∞
−∞
du e−i∆Eu/H
1
4
[
sinh
(
u/2
)− iǫ]2 , (18)
where the pole prescription corresponds to that of the Wightman function iG<. This integral
can be easily performed by contour integration. The (double) poles (which also correspond to
the zeros of y) all lie on the imaginary axis, un = Htn = 2iπn (n ǫZ). For E > E0 the contour of
integration ought to be closed by a large circle below the real axis, such that the integral in (18)
can be evaluated by summing the residua which lie (strictly) below the real axis, as illustrated
in figure 1. The result is
dFconf(∆E)
dt
= − H
4π2
(−2πi)
−∞∑
n=−1
−i∆E
H
e(2pi∆E/H)n
=
∆E
2π
1
e(2pi/H)∆E − 1 , (19)
which is identical to the response function (9) of the thermal Bose-Einstein distribution for
massless scalars, confirming thus the well known result [2]. For ∆E < 0, the contour should be
closed above the real axis, such that the contributing poles are n ≥ 0, also shown in figure 1.
The result of integration is again given by Eq. (19).
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FIG. 1: The integration contour for the Unruh’s detector response function in conformal vacuum. The
solid (blue) contour corresponds to ∆E > 0; the dashed (red) contour to ∆E < 0.
B. Nearly minimally coupled light scalar
The Green function for a massive scalar field coupled to gravity as indicated by the La-
grangean (12) is given by the Chernikov-Tagirov [7] (Bunch-Davies [8]) vacuum
iG(y) =
H2
4π2
Γ
(3
2
− ν
)
Γ
(3
2
+ ν
)
2F1
(3
2
− ν, 3
2
+ ν, 2; 1− y
4
)
, (20)
where
ν =
√(3
2
)2
− m
2
φ + 12ξH
2
H2
. (21)
The uniqueness of iG(y) follows from the requirement that the lightcone singularity is of the
Hadamard form.
When expanded in powers of
s ≡ 3
2
− ν = m
2
φ
3H2
+ 4ξ +O
([
(m2φ/H
2) + 12ξ
]2)
, |s| ≪ 1 , (22)
the Green function for the Chernikov-Tagirov vacuum reduces to the following simple form [13]
iG(y; s) =
H2
4π2
{
1
y
− 1
2
ln(y) +
1
2s
− 1 + ln(2) +O(s)
}
. (23)
The nontrivial new integral comes from the term iG<m=0 ∝ ln(y), and its contribution to the
response function yields the integral
dFln(∆E)
dt
= − H
8π2
∫ ∞
−∞
du e−i∆Eu/H
[
ln
(
4 sinh2
(
u/2
))
+ iπsign(u)
]
, (24)
8where we broke the logarithm into the real and imaginary contributions, in accordance with
the ε-prescription for iG<. The real part of the logarithm can be evaluated by breaking it into
positive and negative u and then performing a partial integration (or, as it is more commonly
done, by expanding the logarithm), while the imaginary part can be integrated trivially:
dFln(∆E)
dt
=
H2
4π2∆E
∫ ∞
0
du sin
(
∆E
H
u
)
coth
(u
2
)
− H
2
4π∆E
=
H2
2π∆E
1
e2pi∆E/H − 1 , (25)
where in the last step we made use of Eq. (3.981.8) of Ref. [14].
The remaining integrals in the response function (4) simply yield δ-function contributions,
dFδ(∆E)
dt
=
H2
2π
δ(∆E)
( 1
2s
− 1 + ln(2) +O(s)
)
. (26)
Collecting all terms together, we get the response function for the nearly minimally coupled
massive scalar:
dFmφ 6=0(∆E)
dt
=
∆E
2π
(
1 +
H2
∆E2
)
1
e(2pi/H)∆E − 1 +
H2
2π
δ(∆E)
( 1
2s
− 1 + ln(2) +O(s)
)
. (27)
C. Minimally coupled massless scalar field
The Green function of a minimally coupled massless scalar field exhibts an infrared diver-
gence [10], and the construction of a finite propagator necessarily breaks de Sitter invariance.
For the purpose of calculating loop diagrams and using dimensional regularisation, one considers
the propagator in d dimensions with appropriate counterterms to cancel the infrared divergence.
For a detailed discussion, see Ref. [15]. In four dimensions, one obtains [13, 16]
iGm=0(x1; x2) =
H2
4π2
{
1
y
− 1
2
ln(y) +
1
2
ln
(
a(η1)a(η2)
)− 1
4
+ ln(2)
}
, (28)
where the term ∝ ln (a(η1)a(η2)) breaks de Sitter invariance.
Yet, this does not imply, that there is no de Sitter-invariant vacuum, as pointed out in
Ref. [17], where such an invariant state is explicitly constructed by quantizing the mode with
zero momentum seperately. However, singling out that mode does not render the propagator
finite, as one sees when regulating the propagator with an infrared cutoff k0, such that one
obtains [18]
iGm=0,k0(x1; x2) =
H2
4π2
{
1
y
− 1
2
ln(y) +
1
2
ln
(
a(η1)a(η2)
)− ln(k0H)− γE +O(k0)
}
, (29)
9where γE = 0.577215.. is Euler’s constant. This expression differs from the propagator (28),
which we shall use for calculating the response, only by a constant.
The response function is easily reconstructed from the results of section IVB:
dFmφ=0(∆E)
dt
=
∆E
2π
(
1 +
H2
∆E2
)
1
e2pi∆E/H − 1 +
H2
2π
δ(∆E)
(
ln(a)− 1
4
+ ln(2)
)
, (30)
where ln(a) = Ht = N is the number of e-folds elapsed since the beginning of inflation, if we
set the initial scale factor to be one. This contribution to the response function vanishes for all
∆E 6= 0, such that under the assumption that its energy levels are not degenerate, the detector
is insensitive to the breaking of de Sitter invariance by the propagator. Note also that, when
integrated over ∆E around ∆E = 0, the terms ∝ δ(∆E) are subdominant, because they only
give a finite contribution to the response, provided that the scale factor a and the cutoff k0
in (29) are finite and nonzero, while the remaining terms yield a divergence.
However, for a detector sensitive to time separations up to ∆t ≤ ∆max, Fδ in (26) becomes
a smeared “δ-function,” dFδ(∆E; ∆max)/dt ∝ sin
(
∆E∆max/2
)
/(∆E/2), such that the detector
responds roughly up to the energies ∆E ≤ 2π/∆max. Let us now study the question of finite-time
measurements in more detail.
D. Boundary terms through finite-time measurements
Strictly speaking, the propagators (16, 23, 28) describe the dynamics of the scalar field for
t ≥ t0. Hence it is natural to consider the Unruh detector, which corresponds to the transition
amplitude (2), which begins measuring at t0 = 0 and ends at tf = t. In this case Eqs. (3) and (4)
generalize to
dP (E0 → E, 0, t)
dt
= h2|mE0,E|2
dF(∆E, 0, t)
dt
(∆E = E − E0) ,
with
dF(∆E, 0, t)
dt
=
∫ t
−t
d∆t e−i∆E∆tiG<(t +∆t/2, ~x; t−∆t/2, ~x) ,
implying that the response function gets modified by the boundary (initial) effects. For example,
the response function associated with the Hadamard (conformal) form, iGconf = H
2/(4π2y), for
an Unruh detector reads
dFconf(∆E, 0, t)
dt
=
∆E
2π
1
e2pi∆E/H − 1 +
H
2π2
∞∑
n=1
ne−nHt
n cos
(
∆Et
) − (∆E/H) sin (∆Et)(
∆E/H
)2
+ n2
.
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Similar (though more technical) analysis can be performed for other contributions from the
massless scalar propagator (28). Quite generically, boundary effects give rise to oscillatory con-
tributions to the response function of Unruh’s detector. For ∆E ∼ H , these terms become
unimportant when t ≫ H−1. In the ultraviolet, where ∆E ≫ H , the oscillatory contributions
become subdominatnt when t ≫ ∆E/H2 – much more than a Hubble time. Since these effects
are however not related to the intrinsic nature of the quantum fields in de Sitter space, we here
do not study them further.
E. Dimensions other than four
So far, we have calculated the response functions from the scalar propagator, which is moti-
vated by the practice of defining vacua in de Sitter space through this quantity. However, there is
a method due to Higuchi [6] using a basis of wave functions as starting point, which we generalize
here to d dimensions. We define
ν =
√(
d− 1
2
)2
− m
2
φ + ξR
H2
, (31)
where the curvature is given by R = d(d− 1)H2. The scalar wave equation is (cf. Eq. (14)),[
∂2η + k
2 − ν
2 − (1/4)
η2
]
ϕk(η) = 0 (32)
and has the properly normalized positive frequency solution
ϕk(η) =
1
2
(−πη) 12 epi2ℑ[ν]H(2)ν (−|k|η) . (33)
The transition probability for the detector in terms of these modes is then
P (∆E) =
∫
dd−1k
(2π)d−1
∫ ∞
−∞
dt
∫ ∞
−∞
dt′
1
a(t)a(t′)
ϕ∗
k
(t)ϕk(t
′)e−i∆E(t
′−t) (34)
=
∫
dd−1k
(2π)d−1
∫ ∞
−∞
dt
∫ ∞
−∞
dt′
π
4H
epiℑ[ν]−
3
2
H(t+t′)+i∆E(t−t′)H(2)∗ν
( |k|
H
e−Ht
)
H(2)ν
( |k|
H
e−Ht
′
)
.
From this expression, one obtains for the response function
dFd(∆E)
dt
=
Hd−3epi∆E/H
8π(d+1)/2Γ ((d− 1)/2)
∣∣∣∣Γ
(
(d− 1)/2 + i∆E/H + ν
2
)
Γ
(
(d− 1)/2 + i∆E/H − ν
2
)∣∣∣∣
2
,
(35)
which reduces for d = 4 to Higuchi’s result [6]
dF(∆E)
dt
=
H
4π3
e−pi∆E/H
∣∣∣∣Γ
(
3/2 + i∆E/H + ν
2
)
Γ
(
3/2 + i∆E/H − ν
2
)∣∣∣∣
2
. (36)
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For ν = 1/2 this coincides with our result for the conformal case (18), and when expanded in
s = 3/2− ν with the nearly minimally coupled case (27).
It is however also interesting to derive some special responses from the scalar propagator,
which is in d dimensions [13]
iGd(y) =
Γ(d−1
2
+ ν)Γ(d−1
2
− ν)
(4π)d/2Γ
(
d
2
) Hd−2 2F1
(
d− 1
2
+ ν,
d− 1
2
− ν, d
2
; 1− y
4
)
. (37)
In particular, for d = 3, the response function is exactly calculable for arbitrary ν from the
propagator, because we can express the hypergeometric function in terms of the geodesic distance
ℓ, using Eq. (9.121.30) of Ref. [14], as
2F1
(
1 + ν, 1− ν, 3
2
; 1− y
4
)
=
sin [ν (π −Hℓ)]
ν sin (Hℓ)
. (38)
With ℓ→ i∆t, the response function (4) is then given by the integral
dF3(∆E)
dt
=
Γ(ν)Γ(1− ν)
4iπ2
H
∞∫
−∞
d∆t e−i∆E∆t
sin(πν − iνH∆t)
sinh(H∆t)
, (39)
with the poles of the integrand at ∆tn = iπn/H, n ǫZ\{−1}. Note, that for odd dimensions, the
analytic structure of the propagator is different than for even dimensions. There are additional
poles, but there is no branch cut (except for special values of ν). We perform the integration
by closing the contour in the lower complex half plane. According to the ǫ-prescription for the
Wightman function iG<, only the poles n ≤ −1 contribute, and we obtain
dF3(∆E)
dt
=
1
2
sinh
(
π∆E
H
)
cos(πν) + cosh
(
π∆E
H
) 1
e2pi∆E/H − 1 . (40)
Note that (40) applies not only when mφ < H , and ν is real, but also for mφ > H , when
ν is imaginary. When mφ ≫ H,∆E, the response is exponentially suppressed as dF/dt ∝
exp(−πmφ/H), which is a consequence of an exponential suppression of scalar particle production
in de Sitter space in the limit when mφ ≫ H .
Note that for no value of the parameter ν the response (40) agrees with the thermal response
function, which in three dimensions can be read off from Eq. (8),
dF3,th
dt
=
1
2
sign(∆E)Θ
(
(∆E)2 −m2φ
) 1
eβ∆E − 1 . (41)
In particular, for a conformal massless scalar, ν = 1/2, and Eq. (40) yields the following
‘fermionic-like’ response function,
dF3,conf(∆E)
dt
=
1
2
1
e2pi∆E/H + 1
. (42)
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This disagreement with the thermal case is not a special feature of odd dimensions. E.g. the
conformal Green function in d dimensions
iGconf ,d =
Γ(d
2
− 1)
(4πd/2)
Hd−2y1−d/2 (43)
leads for d = 6 to the response
dF6,conf(∆E)
dt
=
H3
12π2
(
∆E3
H3
+
∆E
H
)
1
e2pi∆E/H + 1
, (44)
while the flat-space thermal response is
dF6,th
dt
= 1
12pi2
sign(∆E)Θ
(
(∆E)2 −m2φ
)
(∆E2 −m2)3/2 1
eβ∆E−1
. (45)
Generally, for d > 4, the conformal response consists of the Planck factor times a polynomial
involving different powers of ∆E, therefore deviating from the thermal response, which involves
only a single power of ∆E.
For d = 2 conformal and minimally massless coupled case coincide and we find from (35)
dF1+1,conf(∆E)
dt
=
1
∆E
1
eβ∆E − 1 , (∆E 6= 0) , (46)
in agreement with the flat-space thermal response.
Hence, we have found that an agreement with the thermal response occurs for conformal
coupling only in d = 2 and d = 4, just as for an accelerated observer in flat space [19].
V. DETAILED BALANCE, RESPONSE FUNCTIONS AND SPECTRA
Based on the assumption that the principle of detailed balance holds, which states that the
absorbtion rate of the detector Ra and the emission rate Re are equal,
Ra(E0 → E) = Re(E → E0) , ( ∀E0, E ) , (47)
and on the fact that the transition probabilities per unit proper time are related as follows:
dP (E0 → E)
dt
= e−β(E−E0)
dP (E → E0)
dt
, (48)
or, equivalently, the response function of the detector fulfills,
dF(∆E)
dt
= e−β∆E
dF(−∆E)
dt
(∆E = E − E0) , (49)
13
one can infer that the detector is thermally populated, with the temperature given by T = 1/β, as
follows (for a related discussion see Ref. [4]). Let us rewrite the principle of detailed balance (47)
as
n(E0)
dP (E0 → E)
dt
(
1 + n(E)
)
= n(E)
dP (E → E0)
dt
(
1 + n(E0)
)
, (50)
where n(E) and n(E0) denote the occupation numbers of detector states with energies E and
E0, respectively. From this, it immediately follows
n(E) =
1
eβ(E−µ) − 1 , (51)
such that the states of the detector are populated according to a chemical equilibrium at tem-
perature T = 1/β and chemical potential µ.
In fact, any response which can be written as
dF(∆E)
dt
= g
∆E
2π
1
eβ∆E − 1 , (52)
with g = g(∆E) being an even function of ∆E, fulfills the relation (49). We have shown explicitly
for different scalar fields in d = 4 (cf. Eqs. (19), (30) and (27)), that they are of the form (52),
gconf = 1
gmφ=0 = 1 +
( H
∆E
)2
+ 2πHδ(∆E)
[
Ht− 1
4
+ ln(2)
]
gmφ 6=0 = 1 +
( H
∆E
)2
+ 2πHδ(∆E)
[ 1
2s
− 1 + ln(2)
]
+O(s) , (53)
with βH = 1/TH = 2π/H . Moreover, the more general expressions (35), (36) and (40) also
satisfy equation (49).
The relation (49) can also be viewed as a consequence of the periodicity of the Green function
iG< in imaginary proper time, t → t + 2πiβ [5], which is in turn a consequence of the same
periodicity of the metric in Euclidean time [24]. An example where the periodicity of the metric
however does not coincide with the Hawking temperature is a quasi-de Sitter space considered
in Ref. [20], and hence cannot in general be used as an argument for the thermality of a scalar
field.
VI. DISCUSSION
We found the response functions for different scalar fields to differ strongly in the infrared,
where ∆E < H . Moreover, they do not in general coincide with the response to an equilibrum
14
state in flat space. A disagreement with the thermal response does not yet imply that the
detector does not equilibrate with the de Sitter background. In fact, the energy levels of the
detector are thermally populated. Similar deviations from a Minkowski-space thermal response
are also known for accelerated detectors [19, 21]. The disagreement of the response functions
should be attributed to the fact, that for the conformally and the minimally coupled scalar field
the density of modes per frequency is different.
However, for fields which are massive or nonconformally coupled to the metric, the infrared
enhancement is a consequence of the amplification of superhorizon modes leading to cosmological
density perturbations, an effect which is absent in the conformally coupled massless case. This
makes the different fields clearly distinguishable by observables. The fact that physically distinct
situations such as thermally populated flat space and the different types of de Sitter-invariant
vacua result in the same thermal distribution function for the energy levels of the detector is due
to the insensitivity of this quantity to whether there is a mixed (thermal) state or a pure (de
Sitter-invariant) state and to how often the detector responds per unit time [25].
Finally, we want to point out that de Sitter invariance of the stress-energy tensor of the
conformal vacuum implies that the stress-energy tensor must be proportional to the metric, such
that pconf = −ρconf [22]. This is inconsistent with a thermal equation of state and leads us to the
investigation, whether the energy density is captured at higher orders in perturbation theory [23],
allowing for the pair creation operators of the scalar field Hamiltonian, which are not captured
by the first order perturbation expansion used here. While we argued in this paper that the
thermal state of the detector does not contain the full information about the quantum field, it
is yet remarkable, that at first order in perturbation theory the detector is insensitive to the
(regulated) stress-energy tensor, which is clearly nonthermal.
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